Introduction {#Sec1}
============

In 1994, Wilkins defined the proteome as the 'protein complement to a genome' (Wilkins [@CR73]). Proteomics, i.e. the study of the proteome, was only introduced as a concept in the mid 1990s but has deep roots in the early 1970s, as a result of important technical advances in biochemistry and genetics (Fig. [1](#Fig1){ref-type="fig"}). Similar to genomics and transcriptomics, proteomics has evolved to incorporate high-throughput processes, which have allowed faster analyses of larger numbers of proteins (Lueking et al. [@CR43]; Wolters et al. [@CR74]). Proteomics is therefore a core part of functional genomics, as the latter relies on high-throughput approaches for determining the relation between a given genome and the corresponding phenotypes. Fig. 1Timeline of major events important for the development of proteomics

High-throughput procedures depend on increased speed, accuracy and automation to feasibly manage the increasingly larger sizes of samples and data. In the context of proteome studies, an example of a high-throughput technique is the protein array, for quantification of individual proteins in mixtures of proteins. Like oligonucleotide arrays, protein arrays are based on analyte detection through spotted probes. These spotted probes however can be various types of molecules, ranging from antibodies, and sample proteins themselves to specifically engineered aptamers. Thus far, the most standardised protein arrays make use of spotted antibodies (Borrebaeck and Wingren [@CR7]). Despite of the high-throughput nature of protein arrays, these also present some important limitations. Similarly to oligonucleotide arrays whose results need to be validated by quantitative techniques e.g. quantitative PCR (QPCR), protein arrays also require validation by quantitative techniques such as ELISA (Zichi et al. [@CR77]). Another important limitation is the cost and availability of the antibody reagents for this technique. In the case of filamentous fungi there are virtually no such antibodies specifically developed for protein array detection. Last but not least, until now it has been virtually impossible to distinguish protein isoforms, mutated proteins or post-translational modifications using this system.

In addition to protein arrays, other techniques exist for protein quantification, such as mass spectrometry (MS). Depending on the instrumentation used, mass spectrometers may achieve an astonishing mass accuracy below the part per million (Olsen et al. [@CR57]). MS has many applications in proteomics, such as (1) the analysis of protein complexes (Link et al. [@CR40]), (2) the detection and quantification of post-translational modifications (Jensen [@CR28]), (3) protein identification in complex mixtures (Eng et al. [@CR15]); (Wolters et al. [@CR74]), (4) protein quantification (Bantscheff et al. [@CR5]) and (5) proteome profiling, just to mention a few. Proteome profiling is most often carried out to compare the proteome of mutants (Dong et al. [@CR12]), a phenotype-specific proteome (Mallick et al. [@CR46]), and the proteome of cell organelles (Yan et al. [@CR76]).

Quantitative MS-based proteomics {#Sec2}
================================

The first systematic approaches for protein quantification in protein mixtures were based on high-resolution two-dimensional electrophoresis (2-DE). Quantification by 2-DE still presents advantages, not only due to the overall sensitivity of this technique but also because of its high resolution power as it is able to discriminate protein isoforms and proteins with post-translational modifications. Difference gel electrophoresis (DIGE) further increased the potential of 2-DE as different samples could be labelled with specific dyes and analysed on the same gel. However, quantification through 2-DE also suffers from major disadvantages. The technique is still laborious, of limited reproducibility and semi-quantitative. Moreover, 2-DE shows poor quantification performance for proteins with particular features such as extreme sizes (large or small), large hydrophobicity, low abundance or extreme isoelectric point. In contrast, MS has been adapted in the past two decades to enable truly quantitative proteomics. The most standardised methods for quantitative MS-based proteomics are based on selective labelling of proteins or peptides with stable isotopes, e.g. ^2^ H, ^13^ C, ^15^ N or ^18^O. Nowadays, there are several choices for MS-based quantification in proteomics, and for this reason, only a few examples will be given in this review. Depending on the scope of the experiment, absolute or relative quantification can be used (Table [1](#Tab1){ref-type="table"}). Table 1Label-based quantification of proteinsAbsolute quantificationPSAQ**+** Allows extrapolation− Expensive special softwareA: Detection of protein isoforms/variants; quantification of biomarkersSISCAPA**+** Allows extrapolation; allows multiplexing− Dependent on antibodies (expensive, difficult to implement for general use)A: Peptidomics; quantification of peptide biomarkersQconCAT**+** One standard yields multiple proteins, can be obtained by expression vector− Underestimation; digestion not reproducible; expensive; special softwareA: Quantification of protein subunits or proteins from a small pathwayAQUA**+** Very precise, rigorous peptide mixture quantification, detects PTMs− Underestimation; expensiveA: Peptidomics and phosphoproteomicsRelative quantification In vivo or metabolic  ^15^N**+** High signal for protein labelling; separation by 2-DE possible, detects PTMs− Only pair-wise; special software; tissue samples not possibleA: Cell culture of microorganisms, also PTMs  SILAC+ Specific accurate quantification, allows multiplexing, detects PTMs− Labelled AA essential and not converted to other AA; growth media of controlled composition; requires special softwareA: Cell culture; phosphoproteomics; quantifies other PTMs In vitro  ICAT+ Sample size reduction; upstream of tryptic digestion; detects PTMs− Cys-lacking proteins missed; unwanted side-reactionsA: Cys-containing proteins in complex samples  iTRAQ, TMT+ Multiplex up to 8 samples; precise co-migration in LC (iTRAQ); detects PTMs− MS interference; unwanted side-reactions; underestimationA: Peptidomics and phosphoproteomics, medium-to-low complexity samples  ICPL+ Allows extrapolation; compatible with 2-DE; PTMs− Trypsin does not cleave modified lysine; unwanted side-reactionsA: Virtually any biological sample  ^18^O+ Simple setting, chemical properties not affected, no side-reactions; also PTMs− ^18^O-^16^O back-exchange; requires high resolution MS (4 Da);A: Virtually any biological sample+ major features, − major limits, *A* major applications, *AA* amino acids, *AQUA* absolute quantification method, *ICAT* isotope-coded affinity tags, *ICPL* isotope-coded protein labelling, *iTRAQ* isobaric tag for absolute and relative quantification, *PSAQ* protein standard absolute quantification, *PTM* post-translational modification, *QconCAT* quantitative concatenated standard, *SILAC* stable isotope labelling by amino acids in cell culture, *TMT* tandem mass tags

Absolute quantification has a 2-log dynamic range and typically involves spiking of labelled protein or peptide standards into a sample protein or peptide mixture. Most often, absolute quantification only allows the quantification of one or few proteins from multiple biological samples. One of the largest applications of absolute quantification of proteins is the quantification of protein biomarkers, e.g. related to cells from a healthy or diseased state. The labelled molecule can be introduced at different stages of the experimental workflow, viz. before pre-fractionation, before tryptic digestion or after digestion. The step in which protein or peptide standards are spiked into samples is determinant for protein quantification in biological samples, since later spiking results in underestimation of protein amounts in the original unprocessed sample. In this respect, two methods give good estimations of protein amount in biological samples. These methods are Protein Standard Absolute Quantification, or PSAQ (Brun et al. [@CR9]), and Stable Isotope Standards and Capture by Anti-Peptide Antibodies, or SISCAPA (Anderson et al. [@CR4]). In PSAQ, labelled protein standards are directly mixed with the sample, whereas, in SISCAPA, labelled peptide standards are mixed with the sample and anti-peptide antibodies are used for screening and quantification of peptides. A different approach can be used for the quantification of protein complexes, e.g. quantification using concatenated proteotypic peptides or QconCAT (Pratt et al. [@CR61]). Proteotypic peptides are signature peptides that are unique to a protein and yield good-quality MS peaks. For this approach, an artificial gene is constructed coding for a protein of concatenated proteotypic peptides. The gene is then expressed and the isolated standard protein is labelled. The standard protein is pooled with a sample mixture, and after tryptic digestion, each standard protein yields different labelled peptides, each probing for a specific protein. Finally, in a method described as absolute quantification (AQUA) of proteins (Gerber et al. [@CR20]), the tryptic peptides from sample digestion are mixed with labelled peptide standards. This method is very well suited for the quantification of peptides and proteins with post-translational modifications, most notably in the field of phosphoproteomics. Absolute quantification can be applied to the quantification of fungal proteins, such as: (a) the enzymes involved in the production of mycotoxins, antibiotic or other target secondary metabolites, (b) extracellular enzymes used in biotechnological processes, (c) potential allergens or (d) subunits of protein complexes of interest to fungal metabolism and physiology.

As mentioned before, label-based absolute quantification makes use of an external standard to quantify a small subset of target proteins regardless of the number of biological samples analysed. Label-based relative quantification, on the other hand, labels all the proteins within a single biological sample and compares these to all the unlabelled proteins of another sample. Exceptionally, up to eight samples can be compared in multiplexed systems; however, this complicates the corresponding MS/MS analysis. The dynamic range of relative quantification is usually in the order of 1--2 logs, thus slightly lower than the 2-log dynamic range of absolute quantification. According to its nature, the labelling procedure in relative quantification can be performed in one of two ways: in vivo, also known as metabolic labelling, or in vitro. In the in vivo system, an organism is grown in strictly controlled minimal medium supplemented with isotope-enriched nutrients. For this, two major methods exist: ^15^N labelling (Oda et al. [@CR55]; Krijgsveld et al. [@CR38]) and stable isotope labelling by amino acids in cell culture or SILAC (Ong et al. [@CR58]). The target organism is grown on ^15^N-medium (^15^N labelling) or on medium containing one or two labelled amino acids (SILAC). The control organism is grown on normal medium. After protein extraction, the light and heavy proteins are pooled. The mixed light and heavy proteins can undergo tryptic digestion and LC-MS/MS. For these two methods of in vivo labelling, MS analysis usually requires special software, capable of detecting most isotope-labelled peptides. In the in vitro system, all proteins or tryptic peptides in one of the samples are chemically or enzymatically labelled. Most often, chemical labelling in the in vitro system targets the free amino groups (including lysine side chain), cysteine residues or free carboxyl groups (including aspartate and glutamate side chains). One common problem with chemical labelling is the occurrence of unwanted side reactions. Enzymatic labelling also called proteolytic labelling or ^18^O labelling is based on tryptic digestion of protein in water containing heavy oxygen H~2~^18^O, resulting in the labelling of all tryptic peptides. A frequent problem with this approach was the occurrence of back-exchange of isotopes, which nowadays is prevented by incubating the tryptic peptides in H~2~^18^O. Another common problem is that high-resolution MS is required to resolve 4-Da mass differences between the two isotopic forms. Label-based relative quantification can also find applications in fungal research for the investigation of the effects on the proteome of two contrasting conditions, such as high or low temperature, oxygen, pH or specific salts. Label-based relative quantification presents a smaller dynamic range compared to absolute quantification; however, despite the lower dynamic ranges of measured protein concentration, relative quantification is able to generate proteome-wide quantification of proteins.

Nowadays, with the increasing resolution achieved by one- or multidimensional LC-MS instruments and the development of new algorithms, another group of quantification methods is becoming increasingly more standard for proteomic quantification. This group is collectively called label-free MS-based quantification of proteins. This type of quantification contrasts much with label-based quantification, in that it presents a lower accuracy (\>30% uncertainty) compared to label-based methods. However, label-free quantification has a larger dynamic in the order of 2--3 logs of protein concentration and, in general, it is much cheaper and simpler compared to label-based quantification. Currently, the methods for label-free quantification of proteins are mainly based on two parameters: total ion current from chromatogram (TIC) measured prior to MS and total spectral counts (SpC) for the tryptic peptides identified during MS/MS. TIC-based quantification is overall more accurate, whereas SpC-based quantification is more sensitive and has a larger dynamic range (Zybailov et al. [@CR78]). Another difference between the two is that TIC-based quantification requires all tryptic peptides corresponding to a protein to be detected for quantification, whereas with SpC all tryptic peptides detected can be used for protein quantification (Old et al. [@CR56]). SpC-based quantification has recently been refined by the incorporation of other parameters, such as the theoretical number of tryptic peptides per protein or the protein length in amino acids (Ishihama et al. [@CR25]; Zybailov et al. [@CR79]).

MS-based proteomics applied to filamentous fungi {#Sec3}
================================================

Mass spectrometry-based proteomics has benefitted significantly from the many genomes sequenced in the past decade. With regard to the kingdom of fungi, genomes have become available for many species. The ascomycetes, whose genomes were recently sequenced, belong to all subphyla of Ascomycota, viz., Pezizomycotina or true ascomycetes (Machida et al. [@CR45]; Pel et al. [@CR60]; Espagne et al. [@CR16]; Martínez et al. [@CR49]; Van den Berg et al. [@CR69]; DiGuistini et al. [@CR11]), Saccharomycotina or true yeasts (Jones et al. [@CR29]; Wei et al. [@CR72]), and Taphrinomycotina, i.e. dimorphic ascomycetes (Wood et al. [@CR75]). In addition to the large group represented by the ascomycetes, basidiomycetous genomes have also been sequenced, namely from a white-rot fungus (Martínez et al. [@CR48]), an ectomycorrhisal fungus (Martin et al. [@CR47]) and an encapsulated yeast (Loftus et al. [@CR41]). Full-genome DNA sequencing of these fungal species has many implications as it becomes possible to, e.g. (1) predict novel open reading frames (ORFs), (2) determine genome organisation and its relation with fungal evolution, (3) contribute to a better gene annotation and gene function prediction, e.g. if genomes of different organisms are compared, (4) the unravelling of DNA regulatory sequences and corresponding putative regulators and (5) a near-complete understanding of fungal strain differences, including not only naturally occurring strains but also mutant strains used, for instance, in biotechnological processes.

Genome sequence information and systematic ORF prediction are vital to bottom-up proteomics, i.e. identification of full proteins from the total corresponding tryptic peptides. For shotgun proteomics, this is even more the case, as these analyses typically result in the identification of hundreds to thousands of individual proteins. Therefore, only a complete overview of all the ORFs from the genome will allow the identification of such large numbers of proteins. Notwithstanding and parallel to this dependence on genome sequence, shotgun proteomics can also validate gene models and, most importantly, identify protein coding regions ab initio (Bitton et al. [@CR6]).

Sample preparation in fungal organelle proteomics {#Sec4}
=================================================

To date, most MS-based proteomic analyses in filamentous fungi have had three targets: the whole cell (mycelial extract), the cytosolic proteins and the secretome. Many important biological processes, however, occur within specific cell compartments. Most often, the production and accumulation of industrially relevant metabolites within the cell are time- and location-dependent processes. Thus, organelle proteome mapping and quantification of specific proteins across time in different cell compartments may better reveal various aspects of fungal metabolite production, e.g. penicillin production in the microbodies of *Penicillium chrysogenum* (Kiel et al. [@CR32]).

The analysis of fungal cell organelles by proteomics is an expanding field and is expected to yield significant biotechnological advances as exemplified above for the case of penicillin production. A typical experimental setup for the proteome analysis of organelles comprises steps, such as organelle enrichment, protein separation, mass spectrometry and bioinformatics of MS data. Each of these steps can be approached differently, and it is still a challenging task to combine different approaches in such a way that the final protein lists obtained are indeed unbiased representations of the organelle proteomes.

A crucial step in organelle proteomics is organelle enrichment, as downstream analysis is dependent on good-quality organelle preparations. A typical workflow for organelle enrichment comprises three major steps, from cell disruption, to crude organelle separation and subsequent enrichment by additional separation techniques (Fig. [2](#Fig2){ref-type="fig"}). In this respect, filamentous fungi are difficult subjects for a number of reasons. First, filamentous fungi secrete proteases, which enhance the common problem of protein degradation common to other eukaryotes. Second, these microorganisms display polarised growth supported by microtubules. These structures increase the clustering of different organelles, which makes organelle separation more difficult. Last but not least, depending on the species, filamentous fungi may possess very thick, compact cell walls. This feature brings difficulties to the cell disruption process, as the latter must be gentle enough to preserve organelle integrity as much as possible. Fig. 2Proposed workflow for organelle proteomics in filamentous fungi

Special attention must be given to the different steps of organelle proteomics in filamentous fungi. Homogenisation buffers must be isotonic, near neutral to slightly basic and invariably contain protease inhibitors. Ideally, the cell disruption procedures should be standardised by automation, to maintain reproducibility throughout the homogenisation procedures. For this, the use of instruments such as the French pressure cell or automatic mortar grinders is recommended. It is also preferable to use less harsh conditions by using the highest biomass-to-homogenisation buffer ratio possible for feasible operation. Bead beating (bead milling) is not always recommended, as it may be too harsh for large organelles such as the nucleus or vacuoles and may require extensive optimisation. Still, for the analysis of proteins from cell extracts, bead beating can be a preferred method to the use of lysing buffers under extreme conditions, such as boiling or the use of detergents (Nandakumar and Marten [@CR53]). Enzymatic degradation of the cell wall or protoplast formation followed by gentle lysis is one of the best methods to obtain intact organelles. This method is in fact still preferred for the enrichment of very large organelles, such as large vacuoles. Yet, there are two arguments against the general use of protoplasts in fungal organelle proteomics. First and most important, protoplast formation typically extends for a minimum period of 2 to 3 h, during which fungal physiology is severely disturbed and, consequently, this would introduce an extra variable in the experiment. Second, different batches of enzyme cocktails may have very different protoplast-forming efficiencies, thereby decreasing the overall reproducibility of this method. Another popular method with decreased reproducibility is cell disruption by manual grinding in mortar with sterile sand. Though simple and cost-effective, this is a low-throughput method that is largely dependent on a number of factors, such as mortar and buffer temperature, amount and type of sand, operator skill, time and amount of biomass used.

Following cell disruption, unbroken mycelium is removed from the homogenate suspension, for instance, by suction-filtration through multiple layers of nylon gauze or Miracloth, and sub-fractionation methods are used to obtain crude or enriched organelle fractions. Most often, the first step in sub-cellular fractionation is low-speed centrifugation to allow cell debris and nuclei to be separated from less heavy organelles. Alternative, but less used, techniques are differential detergent fractionation (Ramsby and Makowski [@CR62]) and centrifugal elutriation (Lin et al. [@CR39]). After this step, different strategies may be applied, namely, ultracentrifugation on density gradients, immunomagnetic separation and free-flow electrophoresis. In density gradient centrifugation, linear or step density gradients can be used. Linear density gradients do not require extensive optimisation and allow organelles to migrate in such a way that, after ultracentrifugation, there will be a continuum of organelle distribution between different fractions, allowing for more flexibility in the choice of different fractions and, therefore, different organelles or organelle combinations. The use of step density gradients in general only allows the enrichment of one or few organelles. The main advantage of step gradients compared to linear gradients is that, once protocols are optimised, high concentrations of the target organelle are achieved. Moreover, step preparation dispenses the need for special equipment commonly used to create linear gradients. Immunomagnetic separation (IMS) is based on the binding to organelle-antigens of antibodies that coat super-paramagnetic beads. Common bottlenecks are the often insufficient antibody affinity or specificity, as well as the large amount of antibodies necessary to coat the magnetic beads. IMS can be used for the enrichment of many organelles, viz. mitochondria (Hornig-Do et al. [@CR24]), vacuoles (Urwyler et al. [@CR68]), microbodies (Luers et al. [@CR44]), endosomes (Vergés et al. [@CR70]), secretory organelles (Kawajiri et al. [@CR31]) and vesicles (Abe et al. [@CR1]). Finally, one method increasingly used to enrich organelles is free-flow electrophoresis (FFE). In FFE, the organelle mixture moves along carrier medium between two slanted plates. Simultaneous to this, a perpendicular electrical field deflects the organelles that concentrate in specific spots at the bottom of the slanted plates. Recently, this system has been miniaturised to microchip format also known as microfluidic FFE (μ-FFE), making it attractive for the separation of minute amounts of sample coupled to very sensitive downstream MS techniques (Kohlheyer et al. [@CR37]).

Proteomics in fungal biotechnology {#Sec5}
==================================

In the past decade, several mass spectrometry-based proteomic studies were carried out in filamentous fungi. Most often, these microorganisms have been studied for a number of practical reasons relative to either a positive or a negative impact on humans and economy. Positive impact of filamentous fungi ranges from being components of foodstuffs and participating in fermentation processes to producing molecules of interest to biotechnological industries, namely enzymes, antibiotics, organic acids and other metabolites. Depending on the species, however, filamentous fungi may have a negative impact, varying from damage of buildings to more serious issues such as food spoilage, crop, animal or specifically human diseases and mycotoxin production.

High-resolution 2-DE has been used in several studies to generate fungal protein maps and, in some cases, even to quantify proteins by DIGE. A pioneer proteomic study in *Hypocrea jecorina* (*Trichoderma reesei*) used high-resolution 2-DE and was able to identify all the subunits of the 26S proteasome, a large multi-subunit complex involved in intracellular proteolysis (Grinyer et al. [@CR23]). Two years later, the same team processed the isolated complex by tandem anion exchange/size exclusion chromatography prior to 2-DE separation, resulting in increased operation speed and overall spot resolution (Kautto et al. [@CR30]).

Oda and co-workers ([@CR54]) cultivated *Aspergillus oryzae* under solid-state and under submerged culture conditions. From the analysis of the secretome, they concluded that some enzymes were specifically secreted either on solid-state or on submerged culture conditions, regardless of medium composition. Enzymes such as glucoamylase A and B showed different expression behaviour, e.g. a xylanase gene was expressed under both conditions, while glucoamylase A was secreted only under the submerged condition, whereas the glucoamylase B gene was highly expressed under the solid-state condition. This knowledge is of particular relevance to industry, as some biotechnological processes that employ fungal hosts can only be performed under submerged or solid-state conditions. Proteome differences were found between the in vitro and in planta secretomes with many proteins being expressed in only one of the two conditions as, e.g. in *Fusarium graminearum* (Paper et al. [@CR59]).

Two-dimensional electrophoresis was also applied in the study of proteins involved in osmoadaptation in *Aspergillus nidulans* (Kim et al. [@CR34]). Osmoadapted *A. nidulans* showed increased expression of glyceraldehyde-3-phosphate dehydrogenase and aldehyde dehydrogenase, and decreased expression of enolase, which suggests an increased glycerol biosynthesis. Moreover, TCA cycle enzymes were less abundant. Altogether, these results suggest that osmoadapted *A. nidulans* shifts from energy metabolism to the biosynthesis of glycerol, most likely important for control of cell turgor. Also, a hypothetical protein containing a domain of unknown function DUF1349 was also found to be more abundant on osmoadapted cells, suggesting a possible role of this protein domain in osmoadaptation.

More recently, a 2-DE system has been set up to identify the major proteome differences under hypoxia in *A. nidulans* (Shimizu et al. [@CR63]). For this, the proteome was compared for cells growing under hypoxia and for cells under normal aeration. Important differences were observed, such as differences in metabolic enzymes and enzymes for energy production. Furthermore, given the higher abundance of proteins involved in nucleotide salvage in the hypoxic condition, it was concluded that activation of nucleotide salvage is a fungal mechanism of adaptation to oxygen deprival.

The major intracellular proteins of *A. fumigatus* have been identified by 2-DE proteomics (Carberry et al. [@CR10]). Apart from identifying the main intracellular proteins, this group also identified the main glutathione transferase protein, by purification on glutathione-bound sepharose. Kniemeyer and co-workers ([@CR36]) established another 2-DE protein map of *A. fumigatus*. By comparing 2-DE maps from *A. fumigatus* grown on either glucose or ethanol as sole carbon sources, the main enzymes involved in alcohol metabolism were identified. Apart from alcohol dehydrogenase, a particular aldehyde dehydrogenase, out of several putatively expressed from the genome, was very abundant upon growth on ethanol. Thus, this protein most likely functions as acetaldehyde dehydrogenase in *A. fumigatus* for the production of acetyl-CoA. In another study of *A. fumigatus*, 2-DE based proteomics was used to investigate the proteins differentially present in fungus cultivated with the antifungal drug amphotericin B (Gautam et al. [@CR19]). Two of the most abundant proteins under amphotericin B cultivation were Rho-GDP dissociation inhibitor (GDI) and secretory GDI. Interestingly, the corresponding genes were also more expressed under cultivation on medium containing amphotericin B. Such genes are potential targets for the development of new antifungal drugs. In another study *A. nidulans* was grown in the presence of the macrolide antibiotic concanamycin A (Melin et al. [@CR52]). No over-expressed proteins were found compared to the proteome from the fungus grown in the absence of the anibiotic. However, besides glyceraldehydes-3-phosphate dehydrogenase, three proteins were found down-regulated under these conditions. These three proteins were, respectively, homologous to a cadmium-induced protein, to LovC involved in the biosynthesis of the secondary metabolite lovastatin and to a protein of unknown function. Down-regulation of expression of these proteins could in part explain the growth inhibition and compact morphology of *A. nidulans* when grown in solid-medium with macrolide antibiotics.

Following these major advances in 2-DE-based proteomics, another group reported the use of high-resolution 2-DE to analyse protein changes during penicillin biosynthesis in three strains of *Penicillium chrysogenum* (Jami et al. [@CR27]). The strains used were the wild type, a strain with a small improvement for penicillin biosynthesis and a strain with a large improvement for penicillin biosynthesis. As a result of the experimental conditions used, the corresponding protein maps generated showed an amazing number of up to a thousand distinct spots per gel, of which 950 proteins could be readily identified. The large number of proteins identified allowed for estimating the main proteome changes between the high producer strains and the wild-type strain. In the high producer strains, a number of pathways were more prominent, like cysteine biosynthesis, enzymes of the pentose phosphate pathway and stress response proteins together, whereas proteins for biosynthesis of other secondary metabolites different from penicillin (pigments and isoflavonoids) were reduced. For studies of metabolic processes by proteomics, it is of interest to combine proteomic analysis with metabolic measurements. The process of degradation of aromatic compounds in *Phanerochaete chrysosporium* was followed by metabolite analysis and by high-resolution 2-DE coupled to LC-MS/MS (Matsuzaki et al. [@CR50]). Conclusions could be drawn for the process of lignin degradation based on enzyme expression values as assessed by proteomics and the amount of chemical species related to these enzymes, assessed by metabolomics. A second example of an approach combining proteomics with metabolomics comes from the analysis of the effect of lactate and starch on fumonisin B2 biosynthesis in *A. niger* (Sørensen et al. [@CR64]). By means of an approach similar to the one adopted by Matsuzaki and co-workers, Sørensen and colleagues were able to show a specific relation between the increase in fumonisin B2 and the enzymes affecting the intracellular levels of acetyl-CoA. From this observation Sørensen and colleagues were able to conclude that fumonisin B2 production in *A. niger* is most likely regulated by acetyl-CoA.

In addition to the study of metabolism, the study of secreted enzymes is an important field in research on filamentous fungi. Many filamentous fungi have evolved to secrete high amounts of specialised enzymes responsible, e.g. for plant cell-wall degradation. For this reason these fungi are applied in various biotechnological processes. In an attempt to disclose the cellulose-degrading system in the model fungus *Neurospora crassa*, Tian and co-workers combined gene expression data with proteomic data from the secretome of the fungus (Tian et al. [@CR66]). By applying microarray and shotgun proteomics analysis on strains grown on different media, they were able to identify strong candidate genes involved in cellulose degradation. In addition, some of these candidate genes were further validated by the observation that the corresponding deletion strains grew poorly on cellulose. Another possible approach to identify a given secreted enzyme is to separate all secreted proteins, screen for a certain enzyme activity and identify the isolated protein. Following this approach in *A. fumigatus*, the secretome was separated by 2-DE and, after fluorescence assay for β-glucosidase activity, positively identified spots were analysed and the proteins identified by MS/MS (Kim et al. [@CR33]). If the purpose of the analysis is to have an overview of the largest number possible of secreted enzymes, then several media must be tested containing different carbon substrates. Two such experimental approaches were carried out in aspergilli grown under varying conditions. Medina and colleagues (Medina et al. [@CR51]) were able to identify proteins specifically secreted on medium containing rutin in *Aspergillus flavus*. For this, the genome sequence information of seven different species of *Aspergilli* was used for protein identification to increase the number of identified proteins. In this way, proteins may still be identified even if the corresponding gene model from *A. flavus* would be mis-annoted, e.g. by incorrect intron-exon boundaries or mis-annotated C- or N-termini.

Oda and co-workers on the other hand cultivated *Aspergillus oryzae* under solid-state or under submerged culture conditions. Following this procedure, they concluded that some enzymes were specifically secreted either on solid-state or on submerged culture conditions, regardless of medium composition. Also, proteome differences may be found between the in vitro and *in planta* secretomes with many proteins being expressed in only one of the two conditions as e.g. in *Fusarium graminearum* (Paper et al. [@CR59]).

The *A. niger* secretome was subject of several studies the last 2 years. Tsang and co-workers (Tsang et al. [@CR67]) used defined and complex media to increase the spectrum of enzymes secreted by *A. niger*. In this study the analysis of secreted proteins was combined with genome-wide predictions of signal-peptide containing proteins. In this way, secreted proteins could be validated as secreted proteins and not as contaminants resulting from cell lysis. In another study (Jacobs et al. [@CR26]), gene expression data were crossed with 2-DE-based proteomic data from three strains of *A. niger* that are overproducers of lipase, protease and hydrolase. In this work, automated sample processing was used for 2-DE spots, allowing the identification of 898 individual proteins. Protein samples from 2-DE gels were normalised for spot volume and relative expression was estimated. The overproducing strains showed up-regulation of proteins involved in carbon and nitrogen metabolism, protein folding and protein degradation. Furthermore, using the information of up-regulated protein folding and protein degradation in overproducing strains, this group was able to increase the secretion of glucuronidase from a GUS reporter, by overexpressing the *sttC* gene predicted to be involved in protein glycosylation and by simultaneously knocking-out the *doaA* gene involved in protein degradation.

Proteomics of the secretome is also used to search for new biopolymer degrading enzymes like, e.g. polysaccharidases and proteases. Very recently, the proteome and secretome, related to the utilisation of two sugars [d]{.smallcaps}-xylose and [d]{.smallcaps}-maltose by *A. niger*, were compared by high-resolution 2-DE (Lu et al. [@CR42]). Also part of the intracellular proteome was quantified by DIGE. The utilisation of the sugars strongly influenced the composition of secretome, but had only a minor effect on the intracellular proteome. From the changes in the proteome found for the different conditions, it was concluded that the changes due to variation in the shake flask cultures. However, the culture conditions like pH control or oxygen control had a large effect on composition of the intracellular proteome, reflecting the importance of these parameters for the metabolic processes. In a study of Adav et al. ([@CR2]) 102 proteins were identified from the culture broth of *A.niger* after 144 h of fermentation. Although of the 102 proteins many are hydrolytic enzymes like polysaccharidases and proteases, one should realise these are starvation conditions that do not represent lignocellulose induced conditions. Braaksma et al. ([@CR8]) studied the secretome of *A. niger* cultures grown on [d]{.smallcaps}-galacturonic acid, under which condition the pectinases were the more dominant enzymes and [d]{.smallcaps}-sorbitol for which the carbohydrases in particular alpha and beta-glucosidases were the most dominant enzymes. Under conditions of starvation, due to carbon source depletion proteases were dominantly found in the secretome, similar to the results described by Adav et al. ([@CR2]).

Organelle proteomics in fungal biotechnology {#Sec6}
============================================

All the methods downstream of organelle enrichment procedures are basically identical to the ones pointed earlier for general MS-based proteomic procedures. These include separation of isolated proteins by 2-DE or multidimensional LC followed by MS/MS analysis. The workflow of organelle proteomics is much dependent on the experimental aim and nature of the organelles to analyse.

Whenever the experimental aim is to study protein secretion, besides the secretome itself it is desirable to study the proteomes of secretory organelles and traffic vesicles. In a previous study, microsomal proteins from biological duplicates of *A. niger* were separated by SDS-PAGE and gel slices were processed for LC-MS/MS (Ferreira de Oliveira et al. [@CR17]). It was subsequently shown that specific microsomal proteome changes occurred after the addition of D-xylose to the culture medium. Quantification was performed based on normalised spectral abundance factors, calculated from MS spectra. Among other processes the differentially expressed proteins were related to protein secretion and thus pointed to novel mechanisms of regulation.

Other aspects of fungal biotechnology such as energy production, organic acid metabolism or cell apoptosis are best studied from examination of the mitochondrial proteome. The first study to use enriched mitochondrial preparations in filamentous fungi was in *Trichoderma harzianum* (Grinyer et al. [@CR22]). A crude mitochondrial pellet was obtained by differential centrifugation and a 2-DE protein map was created. Despite the low number of proteins identified (*n* = 25), this work presented the first fungal mitochondrial proteome map. Another similar study reports the characterisation of the mitochondrial proteome of *Aspergillus fumigatus* (Vödisch et al. [@CR71]). In contrast to the previous work, crude mitochondria were further separated on a three-step density gradient for enrichment and confirmed by electron microscopy. Moreover, up to six 2-DE gels were used to construct the protein reference maps for the mycelium and the mitochondria, with a superior overall resolution.

One fungal organelle of particular industrial importance is the microbody. Microbodies in filamentous fungi can be divided into three categories: peroxisomes, responsible for β-oxidation of long-chain fatty acids; glyoxysomes, which additionally participate in the glyoxylate cycle; and the Woronin body, which functions as a septal plug in case of cell injury. Microbodies have been implicated in the production of β-lactam antibiotics, most notably of penicillin. These organelles were recently analysed in *Penicillium chrysogenum*, the major penicillin producer (Kiel et al. [@CR32]). Microbody enrichment was carried out by differential centrifugation and confirmed by electron microscopy. After SDS-PAGE separation of proteins and processing for LC-MS/MS, 89 proteins were identified of which 79 possessed a putative microbody targeting signal, including the penicillin biosynthesis protein isopenicillin N:acyl CoA acyltransferase.

Noteworthy, due to technical advances in MS-based proteomics, the preparation of highly enriched organelle fractions though desirable is no longer mandatory in many situations. In the past decade, a number of studies have shown that protein profiles can be created from direct LC-MS/MS analyses of complex proteins mixtures originating from separate fractions of linear gradients (Andersen et al. [@CR3]; Dunkley et al. [@CR13]; Dunkley et al. [@CR14]). These profiles can be used to predict protein localisation, as assessed by labelled in vitro peptide standards. More recently, label-free protein profiling was achieved, increasing the power of such analyses for establishing organelle proteomes (Foster et al. [@CR18]; Gilchrist et al. [@CR21]; Kislinger et al. [@CR35]; Takamori et al. [@CR65]). Notwithstanding the simplicity of these label-free comprehensive studies, identical studies have not been yet applied to organelle proteomics of filamentous fungi.

Concluding remarks {#Sec7}
==================

This review summarises the major aspects of proteomics applied to filamentous fungi, including protein quantification methods and sample preparation for organelle proteomics. In filamentous fungi proteomics still developing and in particular in organelle proteomics is suffering from many constraints. First, in many conditions the experimental setup is not adapted to more rigorous protein quantification or to the identification of a maximal number of proteins representative of a given sample or condition. Second, reproducibility and performance of different steps, including cell disruption and sub-cellular fractionation are often neglected. Third, the potential of bioinformatics and statistics are often ignored or not efficiently exploited. For each of these common problems, adapted suggestions were presented. In the first place, depending on the goal, protein quantification methods exist that are targeted to small subsets of proteins from various samples (absolute quantification) or to most proteins of two contrasting samples (relative quantification); alternatively, less expensive label-free techniques can be used as these support increased dynamic ranges and rely solely on bioinformatics of LC-MS/MS parameters. In the second place, reproducibility and performance in proteomics can be much improved by increased automation and sample processing speed, namely during the steps of homogenisation and sub-fractionation. Third, bioinformatics is essential to proteomics, not only to identify proteins and predict their functions, but also to predict the presence of targeting sequences in proteins. Statistics also plays a major role in organelle proteomics since the analysis of complex protein samples e.g. from sub-cellular fractions requires statistical validation of protein ratios. Moreover, depending on the experimental scope protein correlation profiling can be used to confidently identify protein candidates associated with organelles or functional complexes.

Fungal proteomics is still in its infancy, but is developing rapidly. Significant advances are expected for the improved production of enzymes and metabolites that can contribute to existing and novel biotechnological processes. The secretome studies show the wealth of enzymes secreted by filamentous fungi. This will provide a major contribution in the understanding of the mechanisms of metabolic processes that are of importance in biotechnology. Organelle proteomics can contribute in this, since compartmentalisation is an important aspect in the underlying mechanisms of, e.g. antibiotic, organic acid and protein production.
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